Cyclin-dependent kinase 4 (Cdk4) and Cdk6, and later Cdk2, in association with their specific cyclin partners, regulate the G1 to S phase cell cycle transition of mammalian cells by phosphorylation of retinoblastoma (Rb) family proteins. Phosphorylation of Rb results in the release of S-phase specific transcription factors; cell cyclepromoting gene expression, and advancement of the cell cycle. Loss of Cdk4 by homologous-targeted disruption leads to a delay in S-phase entry in serum-stimulated mouse embryo fibroblast (MEF) cultures. Homozygous Cdk4-deficient mice display defects in weight gain, fertility and hypoproliferation of specific endocrine cells of the pituitary and pancreas, the latter of which results in a diabetes-like phenotype. In contrast, inheritance of the p16 Ink4a -insensitive Cdk4 R24C mutation leads to spontaneous transformation of MEF cultures in vitro and, in vivo, hyperproliferative disorders that progress to cancer. In this manuscript, we report characterization of the abnormal pancreatic development, reduced growth and infertility in Cdk4 mutant mice. We observe that, whereas Cdk4 is dispensable for early pancreatic development, normal Cdk4 expression is critical for optimal growth of the organism. Also, we observe that loss of Cdk4 may result in insulin insensitivity, implicating an additional role of Cdk4 in b-cell function, in addition to its role in b-cell proliferation. Further, we demonstrate that loss of Cdk4 leads to an age-dependent defect in spermatogenesis and disruption in the timing of the estrus cycle. Taken together, our results indicate that the overall defects in growth, fertility and pancreatic development in Cdk4-deficient mice may be a combination of cell-type specific defects and altered glucose metabolism, as a result of defects in postnatal pancreatic development.
Cyclin-dependent kinase 4 (Cdk4) and Cdk6, and later Cdk2, in association with their specific cyclin partners, regulate the G1 to S phase cell cycle transition of mammalian cells by phosphorylation of retinoblastoma (Rb) family proteins. Phosphorylation of Rb results in the release of S-phase specific transcription factors; cell cyclepromoting gene expression, and advancement of the cell cycle. Loss of Cdk4 by homologous-targeted disruption leads to a delay in S-phase entry in serum-stimulated mouse embryo fibroblast (MEF) cultures. Homozygous Cdk4-deficient mice display defects in weight gain, fertility and hypoproliferation of specific endocrine cells of the pituitary and pancreas, the latter of which results in a diabetes-like phenotype. In contrast, inheritance of the p16
Ink4a -insensitive Cdk4
R24C mutation leads to spontaneous transformation of MEF cultures in vitro and, in vivo, hyperproliferative disorders that progress to cancer. In this manuscript, we report characterization of the abnormal pancreatic development, reduced growth and infertility in Cdk4 mutant mice. We observe that, whereas Cdk4 is dispensable for early pancreatic development, normal Cdk4 expression is critical for optimal growth of the organism. Also, we observe that loss of Cdk4 may result in insulin insensitivity, implicating an additional role of Cdk4 in b-cell function, in addition to its role in b-cell proliferation. Further, we demonstrate that loss of Cdk4 leads to an age-dependent defect in spermatogenesis and disruption in the timing of the estrus cycle. Taken
Introduction
Precise control of the mechanisms that govern the entry, passage and exit from the cell cycle is critical for normal cellular proliferation and differentiation. Perturbations in the expression and activities of proteins that regulate these cellular phenomena determine the emergence of disease states such as cancer (Sherr, 2000) . The G1 phase regulates the commitment of cells to enter the cell cycle and this process is mediated primarily by the D-type cyclins (D1, D2 and D3), whose expression is modulated by growth-stimulatory signals. Cyclin D proteins associate with the Cyclin-dependent kinases (Cdks), Cdk4 and Cdk6, resulting in their catalytic activation and substrate recognition (Ortega et al., 2002) . Activated Cyclin D-Cdk4/Cdk6 complexes phosphorylate and, thereby, inactivate the retinoblastoma (Rb) family proteins, which negatively regulate the passage of cells from the G1 to the S phase by sequestering transcription factors critical for G1/S transition (Grana et al., 1998; Trimarchi and Lees, 2002) . Inhibitory molecules such as the INK4 and Cip/Kip family of proteins associate with and negatively regulate the activity of Cdks (Ortega et al., 2002) . Among these proteins, p16INK4a appears to play a critical role in regulating cell proliferation, since it is either mutated or deleted in a significant number of human tumors (Kamb et al., 1994; Nobori et al., 1994) .
To understand the specific role of Cdk4 in regulating the cell cycle in vivo, we previously reported the generation of two strains of mice carrying a mutated Cdk4 locus (Rane et al., 1999) . One of the strains does not express a functional Cdk4 protein (Cdk4 À/À ). Mice from the second strain express a mutant Cdk4 protein, Cdk4R24C, at levels comparable to normal Cdk4 expression. The R24C mutation (Cdk4 R24C or Cdk4 R ) was previously identified in melanoma patients as an allelic variant that cannot bind the cell cycle inhibitor P16INK4a (Wolfel et al., 1995; Zuo et al., 1996) .
Based on these studies, it is apparent that Cdk4 is dispensable for G1-phase progression and proliferation of mouse embryonic fibroblasts (MEFs), even though its absence delays entry into the S phase after the stress of serum starvation/stimulation (Rane et al., 1999) . Mice deficient for Cdk4 (Cdk4 À/À ) are viable, but weigh less than their littermates and are infertile. Interestingly, these mice develop insulin-deficient diabetes due to a dramatic reduction in the number of b cells of the pancreatic islets. By contrast, the b cells of Cdk4 R/R (homozygous for the R24C mutation) mice and, consequently, their pancreas are hyperplastic. In addition, MEFs derived from Cdk4 R/R mice escape from replicative senescence and become insensitive to contactinduced growth arrest (Sotillo et al., 2001; Rane et al., 2002) . Moreover, homozygosity for the Cdk4 R24C mutation results in transformation in vitro. In vivo, the Cdk4 R/R genotype results in spontaneous tumors and increased susceptibility to chemical carcinogen-induced tumorigenesis, suggesting that inheritance of the Cdk4 R24C mutation can lead to a fully transformed phenotype (Sotillo et al., 2001; Rane et al., 2002) .
While it is clear that Cdk4 loss leads to reduced weight, infertility and a diabetes-like condition, it is unclear if any of these aspects of the phenotype are directly attributable to a loss of Cdk4. It is possible that the reduced weight and infertility observed in the Cdk4 À/À mice is a consequence of the altered insulinmediated glucose regulation and metabolism that leads to diabetes because disruption of components of the insulin signaling pathway has been shown to result in infertility and reduced growth (Mauvais-Jarvis et al., 2002) . The above inference underscores the need to distinguish between aspects of the phenotype that are attributable to specific alterations in Cdk4 activity and those that are a result of the diabetes or the cancer pathology in the Cdk4 À/À or Cdk4 R/R strains, respectively. To this end, we have analysed the specific contributions of mutations in Cdk4 to the observed changes in growth, fertility, pancreatic development and b-cell function.
Results

Role of Cdk4 in optimal organismal development
The observed genotype frequency distribution of 10-day-old pups produced by heterozygous matings is highly significantly skewed from the expected Mendelian ratio for monohybrid crosses (w 2 ¼ 10.05, d.f. ¼ 2, N ¼ 588 P ¼ 0.006), with fewer Cdk4 À/À pups (115) than wild-type pups (149). By contrast, we have observed a genotypic ratio of 16 : 32 : 19 (À/À : þ /À : þ / þ ) for 13.5-day embryos that does not differ significantly from a Mendelian ratio (w 2 ¼ 0.400, d.f. ¼ 2, N ¼ 67, P ¼ 0.819). Therefore, the deleterious viability effects of Cdk4 disruption begin to be manifested during the period of late gestation to early neonatal development.
To evaluate if the loss of Cdk4 leads to a reduced growth at birth we compared the weights of newborn Cdk4 þ / þ and Cdk4 À/À mice. Based on a small sample of Cdk4 À/À and Cdk4 þ / þ pups (n ¼ 3 and 7, respectively), there is statistical evidence (the Mann-Whitney U-test, U ¼ 3, 0.05pPp0.1) that body weights of 2-day-old Cdk4 À/À are reduced compared to their Cdk4 þ / þ littermates ( Figure 1a) . A similar relationship has also been observed in 4-day-old Cdk4 À/À pups (data not shown). We have previously reported that adult Cdk4 À/À mice weigh markedly less than their wild-type or heterozygous littermates attaining only 50% of the body weight of their wild-type littermates (Rane et al., 1999 Defects in pancreatic development and function due to Cdk4 mutations Our previous studies indicate that Cdk4 is indispensable for normal pancreatic development. Mice deficient in Cdk4 display severe b-cell hypoproliferation that leads to significantly reduced insulin production (Rane et al., 1999) . At 2 months of age, Cdk4 À/À mice have elevated levels of glucose due to insulin insufficiency. Moreover, À/À (closed circle; N ¼ 11) mice, after injection with 0.75 U/kg body weight of insulin, were determined at 30-min intervals using a glucometer. Mice were fasted during the 90-min period after insulin injection. (g) Glucose clearance in 16-h fasted mice. Serum glucose levels in Cdk4
and Cdk4 À/À (closed circle; N ¼ 5) mice, after intraperitoneal injection with 1.5 gm/kg body weight of glucose (Sigma). Glucose levels were determined at 40-min intervals Characterization of abnormal pancreatic development RV Mettus and SG Rane the loss of glucose regulation is exacerbated in 8-monthold Cdk4 À/À mice, indicating an age-related phenomenon (Rane et al., 1999) . To understand if Cdk4 plays a critical role during early postnatal b-cell development, we examined the pancreas of 1-and 2-day-old Cdk4 À/À pups. Histological analysis of Cdk4 þ / þ (n ¼ 4) and Cdk4 À/À (n ¼ 5) pups indicated that the pancreas of newborn Cdk4 À/À pups are normal (Figure 1b, c) . The relative size and distribution of islets as well as the architecture of the exocrine acinar tissue of newborn Cdk4 À/À pups are indistinguishable from that observed in the pancreas from wild-type littermates.
To investigate if the loss of Cdk4 leads to an early defect in glucose regulation, we analysed serum glucose levels from 2-day-old Cdk4 À/À (n ¼ 3) and wild-type (n ¼ 7) littermates (Figure 1d ). Consistent with the apparently normal pancreatic morphology, Cdk4 À/À mice have glucose levels (78.33 mg/dl, 72.7) similar to those observed in wild-type mice (77.57 mg/dl, 77.4).
However, 8-month-old Cdk4
À/À mice have significantly elevated serum glucose (Rane et al., 1999) . Histologically, pancreatic islets of adult Cdk4 À/À mice retain the ductal association observed in early postnatal rodents (see Bouwens and Klo¨ppel, 1996 , for a review). These results argue that Cdk4-deficiency leads to an agedependent defect in b-cell function, most likely due to defects in postnatal b-cell development and proliferation.
Adult Cdk4 À/À mice exhibit diabetic characteristics such as hyperglycemia, polyuria and polydypsia. Insulin levels in serum of fully fed Cdk4 À/À mice were reduced by 90% and serum glucose levels were increased by 2-3-fold (Rane et al., 1999) . To analyse the fasting glucose levels, mice were subjected to a 12-h fast prior to glucose estimation ( Figure 1e ). The serum glucose levels of Cdk4 þ / þ mice (87.6 mg/dl, 723.2, n ¼ 5) were in the expected normal range. We observed very significantly higher (t-test: P ¼ 0.0003) serum glucose levels in Cdk4 À/À mice (521.4 mg/dl, 749.5, n ¼ 5), indicative of severe hyperglycemia. Interestingly, Cdk4 þ /À mice (124.75 mg/dl, 728.39, n ¼ 5 mice) also showed a small increase in basal fasting glucose levels that was not statistically significant (t-test:
To determine if the loss of Cdk4, which results in reduced b-cell number, also results in defective b-cell function, we analysed the response of Cdk4 À/À mice to exogenous insulin or glucose. Insulin (0.75 U/kg body weight) was administered intraperitoneally to 4-to 8-month-old Cdk4 À/À mice and Cdk4 þ / þ controls. Serum glucose levels were determined at 0, 30, 60 and 90 min. In all, 45% (five of 11) Cdk4 À/À mice responded to the insulin administration with a dramatic, greater than twofold, reduction in preinjection glucose levels ( Figure 1f and Table 1 ). These animals became either euglycemic or hypoglycemic within 30-60 min of insulin injection, indicating that these animals responded to insulin administration. In one mouse, the glucose levels dropped from an initial 517 mg/dl to less than 20 mg/dl and the animal experienced hypoglycemic seizures. Three mice responded marginally, showing a less than twofold reduction in serum glucose on at least one of the time points. The remaining Cdk4 À/À mice (three of 11) failed to respond to the insulin injection and maintained their initial elevated glucose levels (4546 mg/dl) during the course of the 90-min experimental study. The automated glucose unit used in these studies provides reliable glucose detection up to 700 mg/dl. Therefore, it is likely that a response to insulin injection in animals with higher than 700 mg/dl initial glucose levels would be undetected due to the detection limitations of the automated glucose unit. Despite this caveat, these latter observations suggest that Cdk4 À/À mice may also be susceptible to defects in insulin sensitivity and may exhibit insulin resistance.
The results presented above also indicate that Cdk4
mice may present with defects in clearing glucose. To investigate the rate and extent of glucose clearance, Cdk4 þ / þ , Cdk4 þ /À and Cdk4 À/À mice were fasted for 16 h to establish a fasting basal glucose level and subsequently injected with 1.5 g/kg body weight of glucose. The extent of glucose clearance was determined every 40 min for 2 h and the results are presented in Figure 1g . For all genotypes, glucose levels peak at 40 min and decline to nearly preglucose administration levels by the 2-h time point, with similar kinetics. This indicates that, with respect to grouped data, clearing of exogenous glucose is independent of Cdk4 genotype. However, two of the five Cdk4 À/À mice did not show reduced serum glucose levels during the course of the experiment, indicating a deficiency in glucose-clearance ability in these mice.
The pancreas is composed of exocrine acinar cells, which secrete digestive enzymes, and islets comprised of endocrine cells. The four predominant endocrine cell types, a-, b-, d-and pancreatic polypeptide cells, produce the hormones glucagon, insulin, somatostatin and pancreatic polypeptide, respectively (Edlund, 2002) . To understand the role of altered Cdk4 expression in the development of these pancreatic islet cells better, we conducted pancreatic gene-specific semiquantitative RT-PCR, as performed previously (Toscani et al., 1997) . RNA was derived from 8-month
R/R mice and 2-and 8-month Cdk4
and Cdk4 À/À mice. Cdk4 À/À mice elevated glucose levels by 2 months and, by 8 months, exhibit elevated glucose levels and severe b-cell hypotrophy. In contrast, Cdk4 R/R mice develop pancreatic islet hyperplasia by 8 months of age. The results of the RT-PCR analysis are presented in Figure 2 . Cdk4 expression was slightly elevated in the Figure  1f ). Blood glucose levels were determined as a function of time (0-90 min) using an automated glucose detection system. The results of effects of insulin injection of glucose levels of 11 Cdk4 À/À mice are shown. In all, 45% (five of 11) Cdk4 À/À mice responded to the insulin administration with a dramatic reduction in blood glucose levels that led to a greater than twofold reduction in the initial glucose levels prior to insulin injection. These animals became either euglycemic or severely hypoglycemic within 30-60 min of insulin injection, indicating that these animals responded to insulin administration. In one of the five Cdk4 À/À mice that responded to the insulin injection, glucose levels dropped from an initial 517 mg/dl to less than 20 mg/dl that resulted in the animal experiencing hypoglycemic seizures (see last case indicated with double asterisk). The other 55% Cdk4 À/À mice (six of 11; see first six cases indicated by single asterisk) failed to respond to the insulin injection and maintained elevated glucose levels (4650 mg/dl) during the course of the 90-min experimental study 
Cdk4
R/R pancreas while it was undetectable, as expected, in the Cdk4 À/À pancreas. Surprisingly we did not see significant elevation of the preproinsulin I and II mRNA in the Cdk4 R/R pancreas, whereas preproinsulin levels were dramatically reduced (nearly 10-fold) in the Cdk4 À/À pancreas. Glucagon transcript levels in the pancreas of Cdk4 R/R mice were similar to wild-type mice pancreas. However, glucagon transcript level was slightly reduced in the Cdk4 À/À pancreas. In contrast to the comparable preproinsulin and glucagon mRNA levels, Cdk4 R/R pancreas had reduced somatostatin and pancreatic polypeptide levels compared to wild-type pancreas. Levels of somatostatin and pancreatic polypeptide were also slightly reduced in Cdk4 À/À pancreas of 2-month-old mice, while there was little difference in the expression of either somatostatin or pancreatic polypeptide levels in the 8-month Cdk4 À/À pancreas, compared to age-matched controls. Analysis of the acinar-cell-specific amylase mRNA levels indicated that the exocrine cells were not affected in either the Cdk4
À/À mice does not fit into either of the two categories of the classical human diabetes paradigm. Human diabetes is broadly classified into Type I or Type II diabetes (Rane and Reddy, 2000; Bell and Polonsky, 2001) . Type I diabetes is widely believed to be due to b-cell deficiency as a result of autoimmune destruction of the b cells by infiltrating lymphocytes. However, no lymphocytic infiltration of pancreatic islets is observed in hyperglycemic, Cdk4 À/À mice. Moreover, semiquantitative RT-PCR analysis for the expression of markers associated with islet autoimmune response was negative (data not shown), supporting the concept that the reduced number of b cells is not due to autoimmune destruction.
Type II diabetes is a relatively complex disease that has myriad genetic and environmental predisposition routes that lead to a defect in insulin action (Rane and Reddy, 2000) . Genetic analysis of Type II diabetes has led to a characterization of susceptibility loci that predispose an individual to this form of diabetes. A few of these susceptibility loci, termed maturity-onset of the young (MODY) loci, encode important transcription factors and have been found to be frequently mutated in certain forms of MODY (Mauvais-Jarvis et al., 2002). Analysis of expression of three of the established MODY loci by semiquantitative RT-PCR revealed that there were only minor alterations in the expression of MODY-predisposition genes (Figure 2) . Levels of HNF-1a and HNF-4a were slightly reduced in the Cdk4 À/À pancreas. In contrast, levels of Glucokinase transcripts were slightly elevated in the Cdk4 À/À pancreas. The CDK4 R/R pancreas showed slightly elevated HNF-1a mRNA levels, whereas no significant changes in the HNF-4a and glucokinase levels were observed in these mice. These observations suggest that, while Cdk4 may have a small role in regulating the levels and activities of transcription factors such as HNF-1a, its loss does not severely affect the transcription of these genes.
Characterization of fertility deficits in Cdk4 mutant mice
Cdk4
À/À females are infertile. Their ovaries are reduced in size and have a defect in the formation of corpora leutea (Rane et al., 1999) . As may be expected, Cdk4 À/À females have very low circulating levels of progesterone (Rane et al., 1999; Moons et al., 2002b) , a hormone that is secreted by the corpus luteum and is essential for the maintenance of pregnancy. To determine if other aspects of female reproductive biology are also affected in Cdk4 À/À mice, the estrus cycle was examined by vaginal smear analysis of Cdk4 þ / þ (n ¼ 8) and Cdk4 À/À females (n ¼ 8).
The phases of estrus in mice can be determined by examination of cells obtained from vaginal smears by light microscopy after staining with Giemsa stain. During diestrus, leukocytes are the predominant cell population observed while during proestrus, both leukocytes and well-formed nucleated epithelial cells appear in approximately equal numbers. The period of estrus is indicated by the predominance of large, cornified (without nuclei) squamous-type epithelial cells, whereas metestrus or postestrus is represented by approximately equal numbers of large cornified epithelial cells and leukocytes. Our analysis revealed that wildtype mice passed through diestrus (day 1), proestrus (day 2), estrus (day 3) and metestrus (day 4) cycles in approximately 4 days, with all the animals requiring between 4 and 5 days to pass through a complete estrus cycle (Figure 3 ). All stages of the normal estrus cycle were evident in Cdk4 À/À mice. However, Cdk4 À/À mice completed their estrus cycles in approximately 6 days, with periods of cycles varying between 5 and 9 days, a significant delay when compared to their wild-type littermates. The delay in passing through estrus was attributed to a prolongation prior to estrus, with the diestrus and proestrus phases requiring approximately 4 days. This perturbation of the estrus cycle may be the result of altered gonadotropin regulation, as we have previously shown a slight reduction in circulating FSH in Cdk4 À/À female mice. These studies, along with those by Moons et al. (2002a) , indicate that the infertility À/À mice is attributable to pituitary hormone deficiencies as well as defects in corpora leutea formation and function.
The majority of Cdk4 À/À male mice are infertile due to defects in spermatogenesis (Rane et al., 1999) . Approximately 20% of the young Cdk4 À/À males (2-3 months) were able to sire one or two small litters (four to six pups) before infertility. To evaluate if the reproductive deficits were inherent to the loss of Cdk4 expression or due to the diabetes pathology in the Cdk4 À/À mice, we performed an age-dependent histopathological analysis of the testes and epididymus. The representative results, shown in Figure 4a , show a progressive age-dependent testes dysfunction in the Cdk4 À/À mice. The histology of the seminiferous tubules and epididymus of many of the 2-3-month-old Cdk4 À/À mice was normal and abundant mature spermatozoa were observed. A reduced number of spermatozoa were evident in the 4-month Cdk4 À/À seminiferous tubules, and, to a somewhat lesser extent, in the epididymus, indicating the onset of reduced fertility. More mature (44 months) Cdk4 À/À mice exhibited more severe defects in spermatogenesis, having very few or no histologically normal spermatozoa in the lumen of the seminiferous tubules or epididymus. The seminiferous tubules and epididymus of many of the older Cdk4 À/À mice showed evidence of increased atrophy with large abnormal apoptotic bodies (see Figure 4a ; neo/neo 135 and 150-day panels). These observations are indicative of an age-dependent block in spermatogenesis with a concomitant increase in apoptosis in older Cdk4 À/À mice. In contrast to the Cdk4 À/À mice, Cdk4 R/R mice are fertile and produced consistently large litters with high frequency. Analysis of the testes and epididymus from Cdk4 R/R mice revealed histologically normal spermatogenesis in the testes with highly abundant sperm reservoirs (Figure 4a ).
Testicular and epididymal sperm counts were performed as described elsewhere (Toscani et al., 1997) À6 ) than that of Cdk4 þ / þ mice, 0.2370.008 g. However, the 10-fold reduction in testicular weight observed for Cdk4 À/À mice does not account for the 100-fold reduction in sperm number.
The average testicular weight of Cdk4 R/R mice, 0.2570.019 g, is slightly but not significantly (t-test: P ¼ 0.16) greater than wild type. In the Cdk4 R/R testes, we previously observed increased Leydig cell numbers in the interseminiferous tubial space (Rane et al., 1999) . As confirmation of the increased Leydig cell proliferation/ function in the Cdk4 R/R testes, we conducted semiquantitative RT-PCR analysis using testes RNA from Cdk4 þ / þ , Cdk4 þ /R and Cdk4 R/R mice. The expression of several Leydig cell markers such as 17b-HSD3, 3b-HSD1, RLF and LHR was analysed (Benton et al., 1995) . Consistent with the histological observations, we detected increased Leydig cell marker transcripts in the Cdk4 R/R mice compared to the Cdk4 þ / þ and Cdk4 þ /R mice ( Figure 4b ).
Discussion
It has previously been shown that targeted homozygous disruption of Cdk4 results in the deficiency of pancreatic b-cell number and a diabetic-like phenotype including hyperglycemia, ketosis, glucosourea and polydipsia (Rane et al., 1999; Tsutsui et al., 1999) . Unlike human Type I diabetes (IDDM), the paucity of b cells is evidently not due to an autoimmune response because it Figure 4 Age-dependent defects in spermatogenesis in Cdk4 À/À mice and Leydig cell hyperplasia in Cdk4 R/R mice. (a) Hematoxylinand eosin-stained sections of testes and epididymus were prepared from Cdk4 þ / þ , Cdk4 À/À and Cdk4 R/R mice and subjected to immunohistochemistry analysis. Sections from representative Cdk4 þ / þ (210-day-old), Cdk4 À/À (neo/neo-84-day, -110-day, -135-day, -150-day-old) and Cdk4 R/R (210-day-old) mice are shown. Normal levels of spermatogenesis can be observed in Cdk4
À/À (84-day-old) and Cdk4 R/R (210-day-old) testes with abundant sperm reservoirs in the respective epididymus. Decreased levels of spermatogenesis and decreased sperm reservoirs in the epididymus are seen in the 110-day Cdk4 À/À sections. Almost a complete block in spermatogenesis with nearly empty sperm reservoirs in the epididymus can be observed in the 135 and 150-day Cdk4 À/À sections. Many large apoptotic bodies can be observed in the testes sections from the 135 and 150-day Cdk4 À/À mice. (b) RNA was isolated from testes tissue obtained from Cdk4 þ / þ , Cdk4 þ /R and Cdk4 R/R mice. Equal amount of the RNA was subjected to RT-PCR assays with primers for the indicated Leydig cell specific genes as well as primers for -actin. The sequence of primers used is available upon request is not associated with lymphocytic infiltration of pancreatic islets as in IDDM (Rane and Reddy, 2000) . This observation is supported by molecular evidence where we do not observe an increase in lymphocyticassociated transcripts in the pancreas of Cdk4 À/À mice. Rather, postnatal development and proliferation of b cells is retarded. We find that neonatal Cdk4 À/À pancreas is histologically similar to wild type; however, they retain the small size and small number of insulin staining b cells, and ductal association of this stage into adulthood, unlike their wild-type siblings. Further, because we observe that in 8-month-old mice the expression pattern of glucagon, somatostatin and pancreatic polypeptide transcripts are similar to wild type but that b-cell specific insulin transcripts are severely reduced, we conclude that Cdk4 deficiency specifically affects the b-cell population of the pancreatic islet.
These observations, as well as the b-cell hyperplasia observed in the Cdk4 R/R pancreas (Rane et al., 1999) , imply that Cdk4 functions in a cell and developmentally specific context by regulating the expansion of the postnatal b-cell population in the pancreas. These observations are paralleled in some other endocrine cell types. In the Cdk4 À/À pituitary, the population of somatotrophs and lactotrophs are severely depleted, while other endocrine cell types are apparently not affected (Moons et al., 2002a) . Conversely, Cdk4 R/R mice are highly susceptible to pituitary tumors (Rane et al., 2002) . Also, the Leydig cell population is reduced in the Cdk4 À/À testes, but amplified in the Cdk4 R/R testes along with an increase in Leydig cell-specific transcripts. Moreover, testicular tumors are frequent in Cdk4 R/R male mice (Rane et al., 2002) whereas corpora leutea formation is disrupted in Cdk4 À/À mice (Rane et al., 1999) and a consequent circulating progesterone deficiency has been observed (Rane et al., 1999; Moons et al., 2002a) . These findings suggest the possibility that, in an intact organism, Cdk4 has a developmentally specific role in the proliferation and function of specific types of endocrine cells. However, this does not preclude other functions of Cdk4 in an organism.
Cdk4 is not essential for viability in the mouse, because Cdk4 À/À mice are born and develop into adults. However, viability is significantly and negatively affected in Cdk4 À/À mice beginning at the time period between late gestation (413.5 days) and 10 days of age (30% reduction compared to wild type), indicating that the time at which Cdk4 functions begins to become important for survival. Also, during this time period, we observe subnormal weight in neonatal Cdk4
À/À mice and in adult Cdk4
À/À mice. The reduced weight (50-60% of wild type) in addition to reduced body length (85% of wild type) is indicative of continued suboptimal growth properties. It is possible that at least part of the observed growth retardation and reduced viability is a direct result of lack of Cdk4 function, perturbation of the cell cycle, and the consequent production of fewer somatic cells and not an indirect consequence of the diabetes pathology. Our observation that neonatal Cdk4 À/À mice, which are not hyperglycemic, are smaller than their littermates lends some support to this contention. However, it must be considered that regulation of growth of an organism is an extremely complex phenomenon. Therefore, components including genetic, environmental, behavioral, hormonal and physiological factors, which have not yet been completely characterized for the Cdk4 À/À mice, may influence the abnormal development in the Cdk4 À/À mice. Consistent with this, Moons et al. (2002a) report a 76-80% reduction in somatotrophs, the cells that produce growth hormone. If somatotroph function is affected in a manner similar to lactotroph and pancreatic b-cell function, and circulating growth hormone is proportionally reduced, then this deficiency may explain the apparent growth retardation. In addition, two groups employing independently produced strains of Cdk4 À/À mice (Rane et al., 1999; Tsutsui et al., 1999) state that the population growth of Cdk4 À/À MEFs does not differ from wild type. If Cdk4 were directly affecting the growth of mice by mediation of cellular division and expansion of cell number, one might expect that this would be evident in the biologically simpler MEF cultures. That it is not suggests that the effect of Cdk4 disruption on growth is a secondary consequence of disrupted function of b cells, somatotrophs and/or other, as of yet undefined, physiological disruptions.
Homozygous Cdk4 disruption perturbs both male and female reproductive physiology. Young adult males are fertile as evidenced by litter production (Rane et al., 1999) . However, with age, we observe a progressive decline in the number of spermatozoa in the seminiferous tubules and epididymus of the testes and abnormalities in the morphology of the seminiferous epithelium. Consistent with these observations, we find the testicular and epididymal sperm counts to be 100-and 10-fold lower than wild type, respectively. Impaired spermatogenesis is apparently not due to deficient Leydig cell function, because expression levels of Leydig cell specific transcripts in Cdk4 À/À testes are similar to wild type (data not shown). As diabetes is associated with sterility in rodents (Murray et al., 1981 (Murray et al., , 1985 and sterility coincides with the onset of diabetes in Cdk4 À/À mice, it is possible that infertility is a consequence of the diabetic condition.
Cdk4 À/À female mice are sterile. The formation of the postovulatory corpora leutea, which due to their secretion of progesterone are required for implantation and maintenance of pregnancy, is disrupted (Rane et al., 1999) . This is a consequence of impaired prolactin secretion by the lactotrophs of the pituitary (Moons et al., 2002a) . Here, we report a disruption in the timing of the estrus cycle, a lengthening from 4 to 6 days. Previously, we reported a slight reduction in serum follicle-stimulating hormone (FSH) levels (Rane et al., 1999) that may be responsible for the elongation of the estrus cycle in Cdk4 À/À females, from 4 to 6 days, that we report here. This may imply that Cdk4 deficiency disrupts gonadotroph function. It should be noted, however, that others report that gonadotroph number is not affected in Cdk4 À/À mice (Moons et al., 2002a) .
Cdk4
À/À mice manifest a diabetic-like condition due to severely reduced pancreatic b-cell number and function and consequent insulinemia and hyperglycemia. Despite this condition, we show here that Cdk4 À/À mice are able to respond to exogenous glucose introduction by eliminating glucose with kinetics similar to wild type, even though the serum glucose levels at any particular time point are highly elevated compared to wild type. Likewise, insulin injection results in a decrease in serum glucose levels with similar kinetics in Cdk4 À/À and Cdk4
À/À glucose levels are proportionally elevated for each time point. However, in both these experiments, a subset of the Cdk4 À/À mice did not respond, their serum glucose levels were as high or higher than at the start of the experiment. One may conclude that at least a portion of the mice display an insulin-resistant phenotype or an inability to clear glucose and that, in addition to the reduction in b-cell number, the function of the remaining b cells is impaired. It is also of interest to note that the expression of transcripts of genes shown to be altered in MODY are slightly deregulated in Cdk4 À/À mice, indicating a potential role for Cdk4 in the transcription of these genes.
In summary, Cdk4 disruption has been shown to affect the number and function of a specific subset of endocrine cells from different organs negatively. It is likely that the reduction in viability and growth characteristics is mediated through these hormonal changes. However, the possibility that Cdk4 disruption directly and negatively affects mouse growth through a general disruption of normal cell cycle mechanics and reduction of total cell number cannot be eliminated; although this possibility is weakened by the observation that the population growth curves of Cdk4 À/À MEF cultures do not differ significantly from wild type. Moreover, our results suggest that alterations in the rates of postnatal proliferation can lead to either hyperplasia that can advance to cancer or cell insufficiency disorders such as sexual dysfunction and diabetes.
Materials and methods
Viability, growth estimations and glucose determinations
Timed-matings between Cdk4 þ /À males and females were set up and embryos were isolated at 13.5 days postcoitum (d.p.c). The embryos were genotyped for Cdk4 status as described previously (Rane et al., 1999) . Similarly, the genotypes of 9-10-day-old pups were determined. The numbers of Cdk4
þ /À and Cdk4 À/À mice were determined and statistically evaluated. The average weight of day 2 Cdk4 þ / þ and Cdk4 À/À mice was determined and statistically evaluated. The average serum glucose levels of day 2 Cdk4 þ / þ and Cdk4 À/À mice were determined using automated glucometer (Glucometer Elite, Bayer) as described previously (Rane et al., 1999) . The average 12-h fasting serum glucose from Cdk4 þ / þ , Cdk4 þ /À and Cdk4 À/À mice was similarly determined and the results were subjected to statistical evaluation.
Insulin and glucose injection experiments
Cdk4
þ / þ and Cdk4 À/À mice were injected with 0.75 U/kg body weight of insulin and glucose levels were determined at every 30-min intervals for 90 min using an automated glucometer and the results were subjected to statistical evaluation. Mice were fasted during the 90-min period after insulin injection. For estimation of glucose clearance, Cdk4 þ / þ , Cdk4 þ /À and Cdk4 À/À mice were fasted for 16 h after which they were injected with an intraperitoneal dose of 1.5 gm/kg body weight of glucose (Sigma). Mice were fasted during the study and glucose levels were determined at 40-min intervals and the results were subjected to statistical evaluation.
Histopathology analysis
Day 2 Cdk4
þ / þ and Cdk4 À/À mouse pancreas were stained with hematoxylin and eosin and the presence of Islets and Acinar tissue was compared. Hematoxylin-and eosin-stained sections of testes and epididymus were prepared from Cdk4 þ / þ , Cdk4 À/À and Cdk4 R/R mice and subjected to immunohistochemistry analysis after staining with hematoxylin and eosin as described previously (Rane et al., 1999) .
Semiquantitative RT-PCR assay
RNA was isolated from pancreatic tissue obtained from Cdk4 þ / þ , Cdk4 þ /R , Cdk4 R/R mice and RT-PCR was performed with primers for pancreatic specific genes as described previously (Toscani et al., 1997) . Similarly, RNA was isolated from testes and epididymus was isolated from Cdk4 þ / þ , Cdk4 þ /R and Cdk4 R/R mice. RT-PCR was performed with primers for Leydig cell specific genes. Primers for b-actin RNA were used for control. The sequences of primers used are available upon request.
Estrus determinations
Cdk4
þ / þ and Cdk4 À/À female mice were separated according to genotype and vaginal smears were obtained and smeared onto glass slides. The slides were stained with Giemsa stain and the different phases of the estrus cycle; diestrus, proestrus, estrus and metestrus were determined. The approximate days required to progress through each phase were also determined. Light microscopy after staining with Giemsa stain was used to identify the different stages of estrus cycle. Two independent observers were used and the results represent a consensus evaluation of these independent observations. The following criteria were used to classify the stages. Diestrus was identified when leukocytes were the predominant cell population observed. Proestrus was identified when both leukocytes and well-formed nucleated epithelial cells appear in approximately equal numbers. Estrus was indicated by the predominance of large, cornified (without nuclei) squamous-type epithelial cells and Metestrus or postestrus was represented by approximately equal numbers of large cornified epithelial cells and leukocytes.
Sperm counting protocol
Testicular sperm counts were conducted using the method of Amann et al. (1976) . Briefly, testes were excised from euthanized animals. The testes were weighed and the tunica albuginea was removed. After freezing at À201C for 2 h, the samples were thawed and homogenized by douncing in buffer (150 mm NaCl, 3.8 mm NaN 3 , 0.05% Triton X-100). Samples were rotated slowly at 41C 20-26 h. After Geimsa staining, sperm heads were counted using a hemacytometer. The epididymus was processed in the same manner for epididymal sperm counts.
